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and Weiner, 2009). However, there are no reports of replication by 
other research groups. Moreover, it is unclear whether age-related 
factors such as vascular risk (Franklin et al., 1997) contribute to the 
age differences, as its effects on HC sub-structures have not been 
taken into account in previous studies. It is plausible, for example, 
that hypertension, which accelerates hippocampal shrinkage (Raz 
et al., 2005) and impairs cerebral perfusion (Levy et al., 2008) may 
differentially affect aging of HC regions (e.g., CA1) known for their 
heightened vulnerability to ischemia (Zola-Morgan et al., 1986).
Even when regional age differences in HC structure are 
observed in healthy adults functional implications of such 
findings are unclear, as there are almost no studies correlat-
ing such variations with memory performance. Persons with 
documented memory impairment have smaller CA1 and DG/
CA3 regions than age-matched controls (Yassa et al., 2010b), 
and focal ischemic lesions in CA1 sector of HC are linked to 
impaired acquisition of a spatial navigation skill and place mem-
ory (Bartsch et al., 2010). However, the relative contribution of 
volume differences in the HC subfields to memory of healthy 
adults remains unknown.
The goals of the current study were to examine age-related 
regional volume differences in the HC subfields, to gauge the 
contribution of vascular risk to those differences, and to evaluate 
strength of associations between the volume of HC subfields and 
associative episodic memory in healthy older adults. We focused on 
association memory because memory deficits in the target popula-
tion involve failures of binding multiple pieces of information with 
their contexts (Spencer and Raz, 1995; Old and Naveh-Benjamin, 
2008; Shing et al., 2009) and excess of false recollection (Jacoby 
and Rhodes, 2006; Shing et al., 2008).
IntroductIon
Episodic memory declines with age (Verhaeghen et al., 1993), 
and one of its important substrates, the hippocampal formation 
(Squire, 1987) is sensitive to aging and age-related pathology (Jack 
et al., 2000; Raz et al., 2005). However, the link between age-related 
memory deficits and changes in the hippocampal stucture is unclear 
(Van Petten, 2004; Raz and Rodrigue, 2006). A meta-analysis of the 
extant literature demonstrates that such connection probably does 
not exist among the young adults but may emerge in samples with 
higher proportion of older participants (Van Petten, 2004). One of 
the major problems and probable sources of inconsistency among 
the studies may be insufficient spatial resolution of the measure-
ments. The hippocampus (HC) is a heterogeneous structure com-
prised of cytoarchitectonically distinct regions: the subiculum, the 
four cornu ammonis sectors (CA1–4), and the dentate gyrus (DG; 
Duvernoy, 2005). The adjacent part of the hippocampal forma-
tion, entorhinal cortex (ERC) connects to the HC proper via the 
perforant path (PP). Whereas regional HC anatomy has been well 
researched in animals (e.g., Lister and Barnes, 2009), until recently, 
its cytoarchitectonic heterogeneity presented a challenge for in vivo 
 measurement in humans.
Although age- and pathology-related structural differences 
in HC subfields were examined by semi-automated procedures 
(Burggren et al., 2008; Chételat et al., 2008; Apostolova et al., 2010; 
Yassa et al., 2010b), only one research group reported manual meas-
ures (Mueller et al., 2007). Manual regional morphometry of HC 
revealed a significant reduction of CA1 volume in healthy older 
adults (Mueller et al., 2007). This association was replicated in two 
subsequent studies with additional reliable negative effects of age 
on the region defined as CA3/4&DG (Mueller et al., 2008; Mueller 
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Materials and Methods
ParticiPants
Participants included 19 older (ages 70–78 years, M = 75.4, SD = 2.9, 
eight women) and 10 younger adults (ages 20–25 years, M = 23, 
SD = 1.7, five women). The participants were screened for history 
of major neurological or psychiatric disorders, head trauma, and 
present contraindications to an MRI examination. Ten of the older 
adults reported having hypertension controlled by antihyperten-
sive medication, and one of them also reported having diabetes. 
All participants except one were right handed, and had normal 
or corrected-to-normal visual and auditory acuity. As expected, 
younger adults performed significantly faster than older partici-
pants on a measure of perceptual speed (Digit Symbol; cf. Wechsler, 
1955): t(25) = 7.13, p < 0.01. Older adults were also screened for 
cognitive impairment with the Mini Mental State Examination 
(MMSE, M = 28.8, SD = 1.4, Range = 26–30).
Mri Procedure
The images were acquired on a Siemens 3 Tesla TIM Trio scanner 
(Siemens Medical AG, Erlangen, Germany). A high-resolution 
MP-RAGE sequence (TR = 2500 ms; TE = 4.76 ms; TI = 1100 ms; 
flip angle = 7°; one average; matrix 176 × 256 × 256; voxel size 
1 mm × 1 mm × 1 mm) was acquired in the beginning of the 
session for determining scanning orientation and measuring 
intracranial volume (ICV). After that, we acquired a high-resolu-
tion PD-weighted turbo spin echo (TSE) sequence (TE = 16 ms, 
TR = 7000 ms; in-plane resolution = 0.4 mm × 0.4 mm; slice 
thickness = 2 mm; turbo factor 11, two averages, 30 inter-
leaved slices perpendicular to the principal axis of the right 
HC). We acquired two TSE sequences, which enabled rough 
motion correction by co-registering these series as the first 
processing step.
Behavioral Procedure
Only the 19 older adults underwent behavioral testing; 11 of them 
had participated in an earlier behavioral study (Shing et al., 2008, 
2009), and additional eight were later recruited specifically for 
this study. The delay between behavioral testing and scanning was 
2 years for the 11 participants, and 2 weeks for the eight who 
were recruited later. Behavioral testing procedure, an associative 
recognition memory task (Shing et al., 2008), was identical for all 
participants. During the encoding phase of the task, 45 German 
word pairs were presented sequentially, for 6 s each. Participants 
were instructed to study the word pairs for an  impending 
 recognition test. After the encoding phase, participants counted 
backward by threes for 90 s as an interpolated activity aimed to 
prevent rehearsal.
At retrieval, 60 memory probes were presented sequentially and 
participants decided whether they had seen each probe at the encod-
ing phase (old–new judgment). Thirty of the probes consisted of 
intact pairs from the encoding phase. Fifteen probes were rearranged 
lure pairs of recombined words from different study pairs at encod-
ing; 15 probes were new–new lure pairs of words that never appeared 
before. Upon recognition of a pair from the encoding set, the partici-
pants were instructed to press the button labeled “old.” Participants 
were informed about the two types of lures and were instructed to 
press the button labeled “new” upon recognizing those. To assess the 
accuracy of recognition, we used the difference between proportion of 
correctly recognized old pairs (hit rate, HR) and proportion of incor-
rectly recognized rearranged pairs [false alarm (FA) rate; Snodgrass and 
Corwin, 1988]. Note that rejecting the rearranged pairs that contained 
familiar words was more difficult than rejecting the new–new pairs.
Post-Processing and MeasureMent of the hiPPocaMPal 
suBfields
In demarcation of HC regions, we followed Mueller et al. (2007, 
2008) with slight modifications. Two independent raters (Kristen M. 
Kennedy, Karen M. Rodrigue), who were blind to the participants’ 
sex and age, used the Analyze software (Mayo Clinic, Rochester, MN, 
USA) and a 21-in digital tablet with a stylus (Wacom Cintiq) to trace 
all images. The traced regions included ERC, subiculum, CA1–2, and 
CA3–4&DG. All subfields were traced bilaterally, and the ranges were 
allowed to differ by starting/ending slice based on each hemisphere’s 
anatomy. The tracing (see an example in Figure 1) started on the 
first slice on which the head of the HC was no longer visible.
Entorhinal cortex
The ERC was traced on six coronal slices from the end of the 
subiculum to the opening of the collateral sulcus. Tracing of the 
ERC began five slices anterior to the starting slice; the range was 
increased compared to Mueller et al.’s (2007) method, as the region 
was identifiable on six slices.
CA3–4&dentate gyrus (DG)
The CA3 and CA4 subfields were combined to increase reliability. 
The DG was traced with a line drawn just inside the high-contrast 
dark circular boundary of the dentate. This region was traced on 
the starting slice and the two slices posterior to it.
Figure 1 | example of hippocampal subfields tracing. A starting slice with (left side) and without (right side) tracing is shown.
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hYPertensIon effects on hc suBfIeld voluMe
To examine the contribution of vascular risk (hypertension) to 
the observed age differences, we compared regional HC volumes 
in hypertensive and normotensive older adults. Although all four 
examined regions showed reduced volume in the hypertensive 
group, it was statistically significant only in CA1–2: F(1,16) = 5.39, 
p = 0.034. The results of this analysis are illustrated in Figure 3. 
Bootstrap follow-up analysis confirmed that CA1–2 was the only 
region showing a reliable difference attributable to hypertension, 
p = 0.05. Furthermore, bootstrapping showed that normotensive 
older adults did not differ from younger adults in their CA1–2 
volume, p = 0.60.
hc suBfIeld voluMe assocIatIons WIth MeMorY
Associations of hippocampal subfield volumes and associative 
memory performance were examined in older participants only, 
as behavioral data for younger adults were unavailable. We observed 
a positive correlation between CA3–4&DG and memory accuracy 
(r = 0.53, p = 0.02), indicating that better associative recognition 
memory was linked to larger volume of that region (see Figure 4A). 
No other correlation was significant (see Table 1), suggesting that 
the observed association was selective to this region. Analyzing HR 
and FA separately, we found that the correlation between CA3–
4&DG and memory accuracy was mainly driven by FA (Figure 4B). 
In other words, the larger the volume on CA3–4&DG, the lesser the 
likelihood of committing a FA (r = −0.56, p = 0.02). Bootstrapping 
confirmed these conclusions as none of the 95% CI for the correla-
tions of interest included zero. The results remained unaffected by 
inclusion or exclusion of the CA1–2 outlier.
We tested whether there was an effect of difference in delay 
between cognitive assessment and scanning (2 weeks vs. 2 years). 
The magnitude of the correlations remained similar within each 
group, but became non-significant due to small sample size.
To examine the specificity of the association between regional 
volume and memory, we examined the correlations of the sub-
field volumes with other cognitive variables, including perceptual 
speed and MMSE (see Table 1). Only one correlation, between 
CA1–2 volume and MMSE, was significant: r = 0.48, p < 0.05. 
Bootstrapping showed that this correlation was robust as its 95% 
CI did not included zero. Partialing out age did not result in a 
substantial change of the correlation: r = 0.46, p = 0.06. Adopting 
more stringent MMSE cut-offs of 27 and 28 does not affect the 
results: r = 0.49, p = 0.047 and r = 0.46, p = 0.073.
dIscussIon
The main finding of this study is the association between smaller 
volumes of the CA3–4&DG region of the HC and increased false 
recognition memory in older adults. To the best of our knowl-
edge, this is the first report of an association between regional 
HC volume and episodic memory in a healthy population. These 
results concur with the report of memory deficits in primates 
with reduced DG cerebral blood flow (Small et al., 2004) and 
the findings of smaller CA3/dentate volumes of persons with 
memory problems (Yassa et al., 2010b). Our observations are 
also in accord with the link between reduced integrity of the 
major input pathway from the ERC to the hippocampal forma-
tion, the PP, and memory in older adults (Yassa et al., 2010a). 
CA1–2 (CA1)
This region was traced on the same three coronal slices as the DG. 
Unlike Mueller et al. (2007), we included the CA2 with the CA1 ROI 
due to poor anatomical boundaries for defining the CA2 subfield. 
CA1 was traced from the dorsal border around the DG to where it 
meets the subiculum medially.
Subiculum (SUB)
The left and right SUB were traced on three coronal slices begin-
ning on the same starting slice as CA1 and DG. Tracing began at 
the end of CA1 and proceeded to the dorsal entorhinal boundary 
determined by a diagonal line drawn as an extension of the medial 
DG border.
To account for differences in head size, ICV were measured from 
T1-weighted images and ICV was used to adjust subfield volumes 
via ANCOVA (as described in Raz et al., 2010). Volumes were 
computed by multiplying the sum of slices area by slice thickness 
(2 mm). Inter-rater reliability (intra-class correlation for random 
raters, ICC formula 2; Shrout and Fleiss, 1979) was very good: 
ERC ICC = 0.94; CA1–2 ICC = 0.99; CA3-&DG ICC = 0.89, and 
subiculum ICC = 0.89.
results
age dIfferences In hc suBfIeld voluMe
Data for each group were checked for outliers and violations of 
normality. Only one observation from the older group (CA1–2) 
was an outlier (volume = 499.72 mm3, two standard deviations 
above the group mean, M
older adults
 = 356.63 mm3). After excluding 
this observation, neither deviations from normality nor signifi-
cant outliers remained. No laterality difference was found for the 
subfield volumes, except for CA3–4&DG. Right CA3–4&DG was 
larger than their left counterparts, but there was no significant 
age × hemisphere interaction (F < 1). Therefore, sums of left and 
right volumes in each subfield were used in all further analyses.
To examine excessive leverage of the outlier, we used bootstrap-
ping to evaluate age-group differences in subfield volumes and cor-
relations between memory performance and volumetric measures. 
For each bootstrap analysis, we drew 5000 random samples with 
replacement, the same size as the original sample, and computed 
the statistic of interest for each. The resulting values were sorted 
in ascending order. To construct 95% confidence intervals (95% 
CI), we used the 2.5 and 97.5 percentiles from the bootstrap dis-
tribution. To examine the influence of the observation identified 
as potentially outlying, the bootstrapping was conducted with and 
without that participant’s data. Age differences in volumes were 
deemed reliable if the corresponding t-value for the original sample 
fell outside the bootstrapped 95% CI. Associations between subfield 
volumes and memory performance were regarded as statistically 
reliable if the bootstrapped 95% CI for the correlation coefficients 
did not include zero.
In one-way ANOVAs for each subfield volume, significant age 
differences were found only in CA1–2: t(26) = 2.14, p = 0.04, see 
Figure 2. Bootstrap analyses confirmed that CA1–2 was the only 
region showing a reliable age difference. The bootstrap analysis 
without the outlier resulted in a reliable difference between the 
age groups, p = 0.02, whereas its inclusion resulted in a marginally 
reliable effect, p = 0.06.
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in whom the volume of that region may be particularly reduced 
(Mueller et al., 2008; Mueller and Weiner, 2009) and insufficient 
statistical power. In the absence of genetic data, we cannot ascertain 
that attribution.
The neurobiological meaning of the observed regional differ-
ences, as of in vivo MRI-based measures in general, is unclear. Only 
a handful of postmortem studies examined age differences in HC 
sub-regions and the findings are contradictory. In some samples, 
CA1 counts do not differ with age (West, 1993), whereas others 
reported strong age-related declines (Simic et al., 1997). Notably, 
neither study reported age differences in DG and CA3, in accord 
with our findings.
In examining the role of HC in binding stimulus elements into 
a unitary representation, rodent studies and neurocomputational 
models have stressed the role of the DG and its projections into 
the CA3 as neural substrates of pattern separation (O’Reilly and 
McClelland, 1994; Treves and Rolls, 1994). Pattern separation is 
believed to support the formation of discrete representations in 
memory by orthogonalizing cortical inputs as they enter the early 
Thus, we highlight the importance of structural integrity of the 
CA3–4&DG region in the context of recognizing changes (rear-
ranged lures) in familiar stimuli.
In addition, we observed smaller volumes of CA1–2 in older 
adults, replicating the reported pattern of regional volume differ-
ences in HC (Mueller et al., 2007, 2010). However, by taking into 
account the hypertension diagnosis of some of the participants, 
we show that age differences in CA1 may reflect vulnerability to 
vascular risk rather than aging per se. This finding refines previ-
ously reported observation of accelerated shrinkage in the HC 
of older adults affected by hypertension (Raz et al., 2005). The 
impacts of vascular factors on hippocampal subfield integrity have 
been largely overlooked in previous studies (except Wu et al., 2008) 
and should be examined more thoroughly as vascular health con-
tributes substantially to brain aging. Unlike Mueller et al. (2008) 
and Mueller and Weiner (2009), but in agreement with Mueller 
et al. (2007, 2010), we found no significant age differences in the 
CA3–4&DG volume. This discrepancy might stem from multi-
ple factors, among them lack of carriers of a risky ApoEε4 allele, 
FIguRe 2 | Hippocampal subfield volumes in younger and older adults. Age-group differences in volume were reliable for subfield CA1-2. Volumes are adjusted 
for intracranial volume (ICV) as detailed in the text. The bars represent SE of the mean.
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ory  performance (Yassa et al., 2010a). No such links were observed 
between PP and other cognitive measures or between memory and 
integrity of the alveus, a major pathway between EC and CA1.
It is intriguing that the only region associated with memory per-
formance was the one that included the DG, the established site of 
adult neurogenesis (Altman and Das, 1965; Gould and Gross, 2002; 
Kempermann et al., 2004). Although there is no consensus on its 
function, adult neurogenesis has been proposed as a mechanism for 
preventing catastrophic interference while acquiring information 
in new environments (e.g., Wiskott et al., 2006), and adult-born 
neurons at different stages of maturity seem to enhance pattern 
separation differentially (Aimone et al., 2010). Catastrophic inter-
ference among newly acquired items may indeed be the ultimate 
expression of failed pattern separation. Specifically, individual dif-
ferences in neurogenesis may contribute to individual differences in 
pattern separation, which in turn may influence the ability to reject 
rearranged pairs in the associative memory task. Studies with larger 
stages of the HC circuitry and the associated pathways. To encode 
and store overlapping inputs, the HC uses pattern separation by 
activating a sparse network of selective units, whereas to retrieve 
the information encoded in such sparse manner, it uses pattern 
completion (O’Reilly and Rudy, 2001). The fine balance between 
pattern separation and pattern completion is maintained by CA3 
circuits of the HC (O’Reilly and McClelland, 1994) and allows 
formation of associations among encoded inputs and their retrieval 
as newly formed units, i.e., binding (Rolls, 1996). Recent fMRI find-
ings support this view as they reveal activation consistent with a 
strong bias toward pattern separation in, and limited to, the CA3/
DG (Bakker et al., 2008).
It is plausible, therefore, that the observed link between CA3–
4&DG volume and increased FA rate reflects individual differences 
in maintaining pattern separation-pattern completion equilibrium. 
Rejection of familiar lures (a CA3/DG activator observed by Bakker 
et al., 2008) relies on adequate representation of differences between 
the stimuli. These conjectures are in accord with the model of Wilson 
et al. (2006), who suggested that, with aging, information processing 
in the DG and CA3 sub-regions is biased toward maintaining the 
representation of familiar contexts at the cost of weakened process-
ing of new information. Pattern separation and completion may be 
especially challenging for the older brain characterized by a progres-
sively reduced signal-to-noise ratio (Crossman and Szafran, 1956; 
Layton, 1975; Li et al., 2006). Indeed, older adults experience a specific 
difficulty in spatial pattern separation (Stark et al., 2010) and show 
increased interference among similar memory representations (Toner 
et al., 2009). Specificity of the CA3/DG involvement in memory is 
also supported by a recent report of a correlation between integrity 
of the PP, the major connection between EC and DG/CA3 and mem-
Figure 3 | Hippocampal subfield volumes in normotensive and 
hypertensive older adults. Group differences in volume were reliable only for 
subfield CA1-2. Volumes were adjusted for intracranial volume (ICV) as 
detailed in the text. The bars represent SE of the mean.
Figure 4 | relation between memory performance and CA3–4&Dg 
volume. Larger CA3–4&DG is associated with better memory performance 
(A), and in particular, lower FA rate (B).
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and age-heterogeneous samples are needed to delineate the relation 
between associative memory and CA3–4&DG. These studies should 
vary degree of redundancy among stimuli in the memory set to 
parametrically assess whether the ability to reject lures depends on 
the integrity of the CA3–4&DG.
We also found that smaller CA1–2 volume was associated with 
reduced MMSE, a broad marker of cognitive status and a widely 
used screening instrument for dementia (Folstein et al., 1975), 
and the association was significant in spite of a narrow MMSE 
range. Our finding suggests that previously reported associa-
tion between HC volume and MMSE in AD and mild cognitive 
impairment (e.g., Yavuz et al., 2007; Fjell et al., 2009), may stem 
from shrinkage of the CA1–2. It is unclear whether this find-
ing reflects the admixture of undiagnosed dementia cases in our 
sample. In some (but not all) samples, CA1 appears as the focal 
point of neuronal loss in AD (West et al., 2004; but see Simic 
et al., 1997). Neuropathological studies found that neuronal loss, 
plaques, and tangles in the CA1 sub-regions (and subiculum) 
were associated with the extent of cognitive impairment in AD 
(Hyman et al., 1984). However, with an MMSE score at or above 
26, the likelihood ratio for dementia is very low (0.06–0.10; Siu, 
1991), and it is unlikely that our finding reflects presence of pre-
clinical AD. Moreover, using more stringent MMSE cut-offs did 
not alter the results.
Our findings suggest that age differences observed in this study 
and in the extant literature may be due to confounding age with age-
related vascular risk. As CA1 is particularly sensitive to hypoxia and 
ischemia (Zola-Morgan et al., 1986), history of vascular risk and 
vascular disease may be at least as strong a contributor to age dif-
ferences as the insipient AD. It is also plausible that the admixture 
of hypertensive participants drove the association between CA1 
volume and MMSE, but given the small number of hypertensive 
participants, a separate group analysis was not statistically feasible. 
Nonetheless, our findings underscore the necessity of considering 
vascular risk in studies of normal aging.
On a methodological note, our tracing method differed slightly 
from that of Mueller and colleagues. Insufficient anatomical bound-
ary visualization compelled us to include the CA2 with the CA1 
region. The difficulty in defining the CA2 region is reflected in the 
lower inter-rater reliabilities of its volume in Mueller et al. (2007). We 
also extended the tracing range of the ERC rostrally, which was made 
possible by the higher contrast-to-noise ratio of the PD-weighting 
and averaging across four acquisitions. As other researchers studying 
regional volumetry (Mueller et al., 2007, 2010; Yassa et al., 2010b) 
or functional activity (Bakker et al., 2008) of the HC, we had to 
combine DG and CA3 into one region of interest. The current state 
of technology does not yet allow clear demarcation of DG and CA3 
borders. Notably, our measures were characterized by high inter-rater 
reliability as intra-class correlations employed here were computed 
under the assumption of random tracers. In the near future, high-
field magnets are likely to enable clearer separation between DG and 
CA3 and increase the specificity in correlations between local HC 
structures and specific aspects of memory (Boretius et al., 2009).
The observed difference in delay between behavioral testing 
and scanning for HC volume measurements may have potentially 
affected the results. This is a limitation of this study. However, 
assuming that the individual rank order of memory scores and 
hippocampal volume does not change substantially across the scan-
test delay despite changes in magnitude, this limitation would not 
introduce a spurious relationship. To gauge the effect of variable 
delay on the findings we also tested for an effect of delay on the 
observed associations and found similar results. Nevertheless, our 
findings need to withstand scrutiny of future replications.
In sum, we report preliminary results supporting an associa-
tion between increased likelihood of false recognition memory and 
reduced CA3/DG volume among older adults. We also observed 
an association between the volume of CA1 and a general cogni-
tive index, thus suggesting a possibility of dissociation between 
functions of hippocampal regions. These findings are conceptually 
intriguing given the prominent role of DG in pattern separation and 
neurogenesis, and a possible role of CA1 in more general cognitive 
functions. Although the small sample size of this study may be of 
concern, the fact that the effects survived the bootstrapping tests 
argues for their robustness. Nonetheless, future studies with larger 
samples and memory data from younger individuals is necessary 
to determine if the observed associations are unique to old age or 
present  throughout the lifespan.
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Table 1 | Correlations between HC subfield volumes, memory 
performance, and cognitive measures in older adults.
 entorhinal CA1-–2 Subiculum CA3-–4&Dg 
 cortex
MeMoRy peRFoRMANCe
Hit – FA 0.17 0.34 –0.30 0.50*
Hit rate 0.09 –0.12 –0.33 –0.18
FA rate –0.11 –0.39 0.10 –0.57*
CogNITIve MeASuReS
MMSE –0.26 0.48* 0.24 0.32
Digit symbol –0.12 0.31 –0.30 0.31
*p < 0.05.
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